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Abstract 25
Daily values of net radiation are used in many applications of crop growth modelling and 26 agricultural water management. Measurements of net radiation are not part of the routine 27 measurement program at many weather stations and are commonly estimated based on other 28 meteorological parameters. Daily values of net radiation were calculated using three net outgoing 29 long wave radiation models and compared to measured values. Four meteorological datasets 30 representing two climate regimes, a sub-humid, high latitude environment and a semi-arid mid-31 latitude environment, were used to test the models. The long wave radiation models included a 32 physically based model, an empirical model from the literature and a new empirical model. Both 33 empirical models used only solar radiation as required meteorological input. The long wave 34 radiation models were used with model calibration coefficients from the literature and with locally 35 calibrated ones. A measured, average albedo value of 0.25 was used at the high-latitude sites. A 36 fixed albedo value of 0.25 resulted in less bias and scatter at the mid-latitude sites compared to 37
other albedo values. When used with model coefficients calibrated locally or developed for specific 38 climate regimes, the predictions of the physically based model had slightly lower bias and scatter 39 than the empirical models. When used with their original model coefficients, the physically based 40 model had a higher bias than the measurement error of the net radiation instruments used. The 41 performance of the empirical models was nearly identical at all sites. Since the empirical models 42 were easier to use and simpler to calibrate than the physically based models, the results indicate that 43 the empirical models can be used as a good substitute for the physically based ones when available 44 meteorological input data is limited. Model predictions were found to have a higher bias and scatter 45 when using summed calculated hourly time steps compared to using daily input data. 46
47
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Introduction 50
Net radiation R n is the quantity of radiant energy available at a vegetation or ground surface to drive 51 biological and physical processes. Quantification of R n is required in numerous practical 52 applications in agricultural crop planning and management and at various scales in crop yield 53 modelling studies, plant and nutrient cycling assessments. and agricultural water management. With 54 the advance of models used in real-time irrigation planning and plant biomass estimation, R n is 55 required at daily timesteps (Hansen et al., 1990; Allen et al., 1998 Denoting radiation flux directed towards the surface as positive, R n is the sum of incoming and 63 outgoing shortwave and long wave radiation 64
where S i is incoming shortwave radiation; S o is outgoing shortwave radiation; L i is incoming long 68 wave radiation; L o is outgoing long wave radiation; α is albedo, i.e. canopy reflection coefficient 69 integrated over all shortwave bands; and L n is net outgoing long wave radiation. 70
The radiation components are strongly influenced by the presence, type and diurnal distribution of 71 clouds (Duffie and Beckman, 2006). Clouds at high elevations such as cirrus are normally colder 72 The R n estimation model in Eq. 3 was developed using data from an arid climate regime (Wright 141 and Jensen, 1972 The climate patterns at the high latitude sites were described by Kjaersgaard et al. (2007) . There 159 were no objects to obstruct the radiation at low sun angles at the Taastrup and Foulum sites and the 160 levelness and clearness of instrument domes was checked daily. All radiometers at the Taastrup and 161
Foulum sites were calibrated annually against a reference pyranometer, which was calibrated 162 regularly at the World Radiation Centre, Davos, Switzerland. Hence, net radiometers were only 163 calibrated for shortwave radiation. Discrepancies between the field radiometers and the reference of 164 up to ± 8.0 % were observed occurring after rebuilding instruments after animal attacks. Data from 165 periods with damaged instruments were identified from the station records and discarded. 166
The climate at the two mid-latitude sites is Mediterranean semi-arid. The Zaragoza site is located in 167 The mean bias error, MBE, mean absolute error, MAE and root mean square error, RMSE at the 249 Taastrup and Foulum sites were generally high when using Eq. 3 with the original model 250 coefficients, Table 4 . The overestimation when using the original model coefficients occurred at all 251 radiation intensities, Fig. 2 at Taastrup. Improvement in the performance of Eq. 3 occurred when 252 the original model coefficients were replaced with the locally calibrated ones , Fig 3. In Fig. 4 the  253 predictions of Eq. 3 are regressed against measured R n values for Taastrup. 254 Table 5 shows the results of the statistical analysis for the Zaragoza and Córdoba sites. The best 255 performance of Eq. 3 occurred when using the calibration coefficients suggested by Jensen et al. Zaragoza indicated that this model is sensitive to local calibration. 282
As water vapour is one of the major atmospheric emittors of L i testing was conducted to determine 283 whether including a term for air humidity would improve model performance. An analysis using the 284 Taastrup data set indicated that including air humidity did not improve the performance of Eq. 5. 285
A source of apparent bias in model predictions is from uncertainties and biases in the measured 286 meteorological variables. When using the calibration coefficients suggested by FAO (1990) 
46). 298
Hence, the model performance is consistent for fully or partly cloudy conditions, while the bias 299 increases during clear-sky or near clear-sky conditions. 300
The bias and scatter were higher at the high latitude sites than at the mid-latitude sites. The use of 301 radiometers from different manufacturers may lead to deviating measurements (Brotzge and 302 Duchon, 2000). Identical instruments were used at the high latitude sites, while the instruments at 303 the mid-latitude sites were from different manufacturers. This may explain why the statistics 304 between the Taastrup and Foulum sites resemble each other more closely than the statistics between 305 the Córdoba and Zaragoza sites. The accuracy of the cloudiness function was generally lower 306 during periods of low sun angles. This lower accuracy could also be caused by factors such as 307 higher reflection of radiation in the domes and thermopiles of the instrument at low sun angles. 308
Also, despite removing periods with snow cover at the high latitude sites, the α was more variable 309 in winter than in the summer, as shown in Fig. 3 . Discarding measurements from the winter period 310 should improve model performance. This may be of importance as e.g. evapotranspiration 311
estimations are often of interest only during the growing season. To test the latter reason, the 312 performance of Eqs. 3 through 5 were evaluated for the Taastrup and Zaragoza sites using sub-daily 313 input during the period 15 March to 1 October (the approximate growing season at high latitude 314 sites), Table 6 . No improvement in model performance was found for the Zaragoza site. However, 315 the results suggest that improved estimation of albedo at the high latitude sites is needed. 316 317
Conclusions 318
Daily values of net radiation R n are a required input in many practical applications of plant growth 319 modelling and in agricultural water management. The shortwave and long wave components of R n 320 depend strongly on the presence and type of clouds, optical properties of the atmosphere and 321 characteristics of the surface. However, only a few meteorological variables are available from most 322 modern weather stations, and measurements of R n and descriptions of clouds, atmosphere and 323 ground are not available. It is thus necessary to establish R n based on other meteorological 324 variables. 325
The predictions of three models (Eqs. 3 through 5) to calculate R n from other meteorological 326 variables were compared to measured R n values. Eq. 3 required air temperature, solar radiation and 327 air humidity as input, while Eqs. 4 and 5 required only solar radiation as input. Climatic data from 328 two sub-humid, high latitude and two semi-arid, mid-latitude locations were used. The models were 329 tested using model coefficients from the literature and locally calibrated coefficients. Based on 330 measurements, an albedo value of 0.25 was used at the high-latitude sites. A measured albedo was 331 available for the mid-latitude sites. Hence, values and models commonly used in the literature were 332 applied. This approach introduced an additional uncertainty in the performance of the models, as an 333 incorrect albedo value may or may not enhance bias and scatter of the equations. A fixed value of 334 0.25 resulted in the least bias and scatter at the mid-latitude sites. Eq. 3 was very sensitive to 335 calibration of model coefficients. Using coefficients calibrated locally or for specific climate 336 regimes rather than the originally published coefficients greatly improved model performances. 337
Calibration coefficients varied between the high latitude and mid-latitude sites, indicating that they 338 are latitude and climate specific. 339
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